I. Introduction
One of the major technological successes over the last decade or so has been the rapid advance in the ability to drill exploration and production wells as both deviated and horizontal bores, although the latter is usually reserved for increasing production after a hydrocarbon-bearing reservoir is found (see just about any issue of Offshore, AAPG Explorer, or Oil and Gas Journal for an article on deviated and/or horizontal drilling).
One impetus in exploration for such deviated holes has been to increase the chances of striking a hydrocarbon reservoir relative to the corresponding chances for a vertical borehole. By-and-large such efforts have been generally successful in increasing the number of oil and/or gas reservoirs found (see above references for many detailed investigations in different settings).
However, what is not so clear is whether deviated boreholes have optimized the number of reservoirs that could be found. Put simply: At what angle to the vertical should a deviated borehole be drilled in order to minimize the probability that no reservoirs will be found?
The purpose of this short paper is to show that this question can be answered in terms of the anticipated distribution of reservoirs with depth. A simple illustration will be used to indicate how one goes about calculating the improvement to be expected relative to drilling a vertical bore.
II. Technical Development

General Analysis
The simplest version of the optimization angle problem operates as follows.
Suppose that there is a number density, n(r), of reservoirs dependent on the spatial vector coordinate r, each of radius R and independently located spatially. A borehole of fixed length L is driven through the system from the sedimentary surface at a fixed angle u with respect to the vertical to the surface. The equivalent vertical distance drilled is z eq = Lcosu (see Figure 1 ). Then the probability P(k) that the bore will encounter k reservoirs is just
where
and where the integral in equation (2) is carried out along the drill direction from s= 0 to s = L.
The probability that no reservoirs will be encountered is just
so that the probability that one or more reservoirs will be encountered is
If drilling is carried through at a fixed angle u to the vertical direction, then the equivalent vertical drill depth, z, is just z = Lcosu (see Figure 1 ).
For illustrative purposes only, suppose that the distribution in density of reservoirs in a given exploration area can be modelled as having dominantly a vertical depth dependence so that n(r)=n (z). Then the parameter e can be written in terms of z (; Lcosu ) as
where the integral limits are 0<z' <z.
The probability of not encountering a reservoir is then seen to be dependent upon precisely how the density distribution of reservoirs is arranged with depth z. To illustrate the process, consider that n (z) varies as
representing the fact that there are no reservoirs near the surface z=0, and that there are none at large depths much in excess of H. The scale depth, H, can be used to represent the vertical depth(H/3 1/2 ) at which the number density of reservoirs has a peak value before declining at greater depths. This simple model behaviour encompasses the general trend of reservoir distributions measured in many oil-prone basins of the world. The total number, N, of reservoirs is given by N = p R 2 Hn 0 /2 (7) Figure 1 . Sketch of the geometrical situation for slant and vertical drilling to borelength L.
The curve to the left shows a sketch of the number density of reservoirs with depth, peaking at H/3 1/2 for the illustrative example given in text.
so that for this illustrative case, equation (5) can be written in the form
where the borelength L has been introduced in favour of the equivalent vertical depth.
Cumulative Probabilities
Note that the parameter X is dependent on the drilling angle u for a given borelength. Thus, if one were to drill vertically (u =0) then
The probability P 0 of not intersecting any reservoirs in this case is
Correspondingly, the probability P u of not intersecting any reservoirs when one drills the same borehole length, L, but at an angle u is
The question of interest is: What is the value of u that makes P u as small as possible, so that the chance of not encountering a reservoir is minimized; and is the value of P u at the optimum angle smaller than the value P 0 so that one has a better chance of encountering a reservoir than by vertical drilling?
Optimization Angle
The minimum value of P u occurs when J; secu (Lcosu /H) 2 /(1+(Lcosu /H) 2 ) has a maximum. The maximum of J occurs on cosu = H/L provided L>H, else the maximum is at cosu = 1 (i.e.u =0). Then Jmax = L/(2H) on cosu = H/L<1; and
Improvement Ratio
Provided the length of the borehole, L, exceeds the minimum H in order to have a drill angle away from the vertical (cosu =H/L<1), the improvement ratio (IR) for the probability of not intersecting any reservoirs when drilling at an angle u relative to drilling vertically is
Thus the probability of not hitting any reservoir at all is much reduced relative to vertical drilling if one drills at the angle u = cos -1 (H/L) for a bore of length L>H.For instance, with a typical reservoir scale depth H=10,000ft (and so a peak in reservoir density at H/3 1/2 =5,800ft) and a borehole length of 20,000ft, the optimum drilling angle is 30¡ to the vertical. And the improvement ratio is IR = exp(N/5). If more than a total of 5 reservoirs are anticipated in the exploration area, the relative improvement by drilling slant at 30¡ over vertical drilling then exceeds exp(1) = 2.72. The corresponding equivalent vertical drill depth is z=Lcosu =10,000ft.
However, if the borelength L is less than H (=10,000ft) then it is preferable to drill vertically.
III. Discussion and Conclusion
There has long been a need to provide a simple explanation of why sometimes vertical drilling in an exploration setting finds more hydrocarbon-bearing reservoirs than does slant drilling, and why the converse is also obtained in particular settings.
While the illustrative example used here is simple, it is also particularly illuminating. Basically, the question of whether to drill exploration wells vertically or deviated in order to lessen the probability of not encountering one or more reservoirs is related to two main factors: (i) precisely how the distribution of reservoirs is organized with depth; (ii) whether the borelength to be drilled is long enough to sample through the majority of depths encompassing the bulk of the reservoirs. If a long enough (in the particular cased used here for illustration L>H) borehole is approved then it is preferable to drill at a slant angle (given by cos -1 (H/L) in the example) to minimize the probability of not encountering one or more hydrocarbonbearing reservoirs. For shorter borelengths (L<H), vertical drilling is the best option.
Clearly, the fundamental problem of estimating the density of reservoirs in a particular exploration setting, and of estimating the scale-length (H in the example) over which the distribution peaks, are the outstanding concerns. Arguments that can be brought to bear to assist in this regard are from historical databases in analogous settings, or from known oil field distributions in the same basin. These two components can be used to at least provide an indication of whether slant or vertical drilling should be done incorporating the methods provided here, but with different distributions of expected oil field reservoirs than given by the simple example. The example indicates clearly how such calculations can be done, and that has been the main purpose of this paper.
